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Abstract
We are developing the capability for a multi-scale code to model the energy deposition rate and momentum transfer
rate of an astrophysical jet which generates strong plasma turbulence in its interaction with the ambient medium through
which it propagates. We start with a highly parallelized version of the VH-1 Hydrodynamics Code (Coella and Wood
1984, and Saxton, et al., 2005). We are also considering the PLUTO code (Mignone et al. 2007) to model the jet in the
magnetohydrodynamic (MHD) and relativistic, magnetohydrodynamic (RMHD) regimes. Particle-in-Cell approaches are
also being used to benchmark a wave-population models of the two-stream instability and associated plasma processes in
order to determine energy deposition and momentum transfer rates for these modes of jet-ambient medium interactions.
We show some elements of the modeling of these jets in this paper, including energy loss and heating via plasma
processes, and large scale hydrodynamic and relativistic hydrodynamic simulations. A preliminary simulation of a jet
from the galactic center region is used to lend credence to the jet as the source of the so-called the Fermi Bubble (see,
e.g., Su, M., & Finkbeiner, D. P., 2012)
*It is with great sorrow that we acknowledge the loss of our colleague and friend of more than thirty years, Dr. John
Ural Guillory, to his battle with cancer.
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1 Introduction
Recent high-resolution (VLBA) observations of astro-
physical jets (see, e.g., Lister et al. 2009) reveal com-
plex structures apparently caused by ejecta from the
central engine as they interacts with both surrounding
interstellar material such as Broad-Line Region (BLR)
and Narrow-Line Region (NRL) clouds, and ejecta from
prior episodes of activity. A particularly trenchant ex-
ample of these complex interactions is also shown by the
galactic microquasar, Sco X-1 (Fomalhaut, Geldzahler,
and Bradshaw, 2001).
Such observations can be used to inform models of
the jet-ambient-medium interactions. Based on an anal-
ysis of these data, we posit that a significant part of the
observed phenomena come from the interaction of the
ejecta with prior ejecta as well as interstellar material.
2 Scales of Jet Interactions with the
Ambient Medium
Large scale hydrodynamic simulations of the interaction
of astrophysical jets with the ambient medium through
which they propagate can be used to illuminate a num-
ber of interesting consequences of the jets’ presence.
These include acceleration and entrainment of the am-
bient medium, the effects of shock structures on star
formation rates, and other effects originating from ram
pressure and turbulence generated by the jet (see, e.g.,
Basson and Alexander, 2002; Zanni et al. 2005; and
Krause and Camenzind 2003; Perucho, et al. 2012).
We have presented results for large scale hydrodynamic
simulations and initial relativistic hydrodynamic simu-
lations in previous works (Beall et al., 1999, 2003, 2006).
As noted in those papers, magneto-hydrodynamic
(MHD) and (RMHD) simulations neglect important
species of physics: the microscopic interactions that
occur because of the effects of particle-particle inter-
actions and the interactions of particles with the col-
lective effects that accompany a fully or partially ion-
ized ambient medium (i.e. a plasma). While the phys-
ical processes (including plasma processes) in the am-
bient medium can be modeled in small regions by PIC
(Particle-in-Cell) codes for some parameter ranges, sim-
ulations of the larger astrophysical jet structure with
such PIC codes are not possible with current or foresee-
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able computer systems. For this reason, we have mod-
eled these plasma processes in the astrophysical regime
by means of a system of coupled differential equations
which give the wave populations generated by the inter-
action of the astrophysical jet with the ambient medium
through which it propagates. A detailed discussion of
these efforts can be found, variously, in Scott et al.
(1980), Rose et al. (1984), Rose et al. (1987), Beall
(1990), and Beall et al. (2003). The scales of these
interactions range from kilometers to kiloparsecs.
2.1 Energy loss, energy deposition
rate, and momentum transfer from
plasma processes
The system of equations used to determine the nor-
malized wave energy densities is very stiff. Scott et al.
(1980) estimated the equilibrium solution of this sys-
tem of equations for heating of clusters of galaxies, and
Rose et al. (1984) and Beall (1990) showed dynami-
cal solutions that confirmed the stability of the equilib-
rium solutions. Solving the system of equations yields
a time-dependent set of normalized wave energies (i.e.,
the ratio of the wave energy divided by the thermal en-
ergy of the plasma) that are generated as a result of jets
interaction with the ambient medium. These solutions
can yield an energy deposition rate (dE/dt), an energy
deposition length (dE/dx), and ultimately, a momen-
tum transfer rate (dp/dt (1/vb) ∗ (dE/dt) that can be
used to estimate the effects of plasma processes on the
hydrodynamic evolution of the jet.
For this part of the analysis, we suppose that a por-
tion of the jet is composed relativistic particles of ei-
ther e±, p − e−, or more generally, a charge-neutral,
hadron-e− jet, with a significantly lower density than
the ambient medium. The primary energy loss mech-
anism for the electron-positron jet is via plasma pro-
cesses, as Beall (1990) notes. Kundt (1987, 1999) also
discusses the propagation of electron-positron jets.
Beall et al., (2006) illustrate two possible solutions
for the system of coupled differential equations that
model this mode of the jet-ambient medium interaction:
a damped oscillatory and an oscillatory solution. The
Landau damping rate for the two-temperature thermal
distribution of the ambient medium is used for these
solutions.
The average energy deposition rate, < d(α1)/dt >,
of the jet energy into the ambient medium via plasma
processes can be calculated as < d(α1)/dt >= npkT <
W > (Γ1/ωp)ωpergs cm
−3s−1, where k is Boltzmann’s
constant, T is the plasma temperature, < W > is
the average (or equilibrium) normalized wave energy
density obtained from the wave population code, Γ1
is the initial growth rate of the two-stream instabil-
ity, and α is a factor that corrects for the simultane-
ous transfer of resonant wave energy into nonresonant
and ion-acoustic waves. The energy loss scale length,
dEplasma/dx = −(1/nbvb)(dα1/dt), can be obtained
by determining the change in γ of a factor of 2 with
the integration
∫
dγ = − ∫ [d(α1)/dt]dl/(vbnbm′c2)
as shown in Rose et al., 1978 and Beall 1990,
where m
′
is the mass of the beam particle. Thus,
Lp = ((1/2)γcnbmc
2)/(dα1/dt) cm is the character-
istic propagation length for collisionless losses for an
electron or electron-positron jet, where dα1/dt is the
normalized energy deposition rate (in units of thermal
energy) from the plasma waves into the ambient plasma.
In many astrophysical cases, this is the dominant energy
loss mechanism. We can therefore model the energy
deposition rate (dE/dt) and the energy loss per unit
length (dE/dx), and ultimately the momentum loss per
unit length (dp/dx) due to plasma processes.
Figure 1: Simulation using a highly-parallelized ver-
sion of the VH-1 hydrodynamics code. The figure shows
the transverse cross-section (Figure 1a) and the detail
of the jet head in the y-z cross-section (Figure 1b) for
a fully 3-dimensional hydrodynamic simulation of jet
with v = 1.5x109 cm/sec. The cross section at z = 300
for a jet with v = 1.0x1010 cm/s. The cross section rep-
resents approximately 2 kiloparsecs from the jet origin.
We have used the 5123 simulation in this representation
for ease of presentation, given the size and difficulty
of displaying the 20483 data. Note the well-developed
Rayleigh-Taylor instabilities at the jet-ambient medium
boundary in Figure 1a.
Beall, Guillory, and Rose (2009) have compared
the results of a PIC code simulation of an electron-
positron jet propagating through an ambient medium
of an electron-proton plasma with the solutions ob-
tained by the wave population model code, and have
found good agreement between the two results (see Fig-
ure 1 from that paper). At the same time, that paper
demonstrates that the ambient medium is heated and
entrained into the jet. That analysis also shows that a
relativistic, low-density jet can interpenetrate an ambi-
ent gas or plasma.
Initially, and for a significant fraction of its propa-
gation length, the principal energy loss mechanisms for
such a jet interacting with the ambient medium is via
plasma processes (Rose et al. 1984, Beall 1990).
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As part of our research into the micro-physics of the
interaction of jets with an ambient medium, we con-
tinue to investigate the transfer of momentum from the
jet, and expect to present these results shortly. In or-
der to proceed to a more detailed analysis of the issue
of momentum transfer, we have used modern PIC code
simulations to study the dynamics of caviton formation,
and have confirmed the work of Robinson and Newman
(1990) in terms of the cavitons’ formation, evolution,
and collapse.
2.2 Results of hydrodynamical
calculations
Figure 1 shows two views of a simulation for an as-
trophysical jet for parameters appropriate to a Seyfert
galaxy, using a highly-parallelized version of the VH-
1 hydrodynamics code. The figure shows the trans-
verse cross-section (Figure 1a) and the detail of the
jet head in the y-z cross-section (Figure 1b) for a
fully 3-dimensional hydrodynamic simulation of jet with
v = 1.5x109 cm/sec. The cross section at z = 300 for
a jet with v = 1.0x1010 cm/s. The cross section occurs
at approximately 2 kiloparsecs from the jet origin.
Figure 2: Simulation using the VH-1 code of a super-
sonic jet with parameters appropriate to the Galactic
Center region. In this simulation, also, we use the VH-1
code for a supersonic jet in the x-y pressure cross sec-
tion (1a) and with an x-y density cross section (1b) for
a supersonic jet with v = 2.0x108 cm/s. Such a jet orig-
inating from the supermassive black hole at the center
of the Milky Way could account for the production of
the gamma-ray structure known as the Galactic Center
Bubble found by the Fermi satellite. The vertical scale
of the jet represents approximately 2 kiloparsecs from
the jet origin. We have used the 5123 simulation in this
representation for ease of presentation, given the size
and difficulty of displaying the 20483 data
Figure 2 shows a simulation of a supersonic jet for
parameters appropriate to the Galactic Centre region.
In this simulation, also, we use the VH-1 code for a su-
personic jet in the x-y pressure cross section (1a) and
with an x-y density cross section (1b) for a supersonic
jet with v = 2.0x108 cm/s. Such a jet originating from
the supermassive black hole at the center of the Milky
Way could account for the production of the gamma-ray
structure known as the Galactic Center Bubble found
by the Fermi satellite. The vertical scale of the jet in
Figure 2a represents approximately 2 kiloparsecs from
the jet origin. We have used the 5123 simulation in
this representation for ease of presentation. The detail
of the jet-head structure (Figure 2b) shows complex,
transverse shock structures at the leading edge of the
jet. The simulations we have run using 20483 cells con-
firm these features.
3 Concluding Remarks
The effects of collective and particle processes, includ-
ing plasma effects, can have observational consequences.
Beall (1990) has noted that plasma processes can slow
the jets rapidly, and Beall and Bednarek (1999) have
shown that these effects can truncate the low-energy
portion of the γ-rays spectrum (see their Figure 3), A
similar effect will occur for particle-particle productions
of neutrinos, pions, and (perhaps) neutrons. This could
also reduce the expected neutrino flux from AGN. The
presence of plasma processes in jets can also greatly en-
hance line radiation species by generating high-energy
tails on the Maxwell-Boltzmann distribution of the am-
bient medium, thus abrogating the assumption of ther-
mal equilibrium.
An analytical calculation of the boost in energy of
the electrons in the ambient medium to produce such a
high energy tail, with Ehet ∼ 30− 100kT, is confirmed
by PIC-code simulations. Aside from altering the Lan-
dau damping rate, such a high-energy tail can greatly
enhance line radiation over that expected for a thermal
equilibrium calculation (see Beall et al. 2006, and Beall,
Guillory, and Rose (1999) for a detailed discussion).
We are in the process of setting up runs for the
PLUTO code (Mignone et al. 2007) in order to bench-
mark its results with our results of the VH-1 code in
appropriate parameter ranges.
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DISCUSSION
MANEL PERUCHO Could you comment on the vis-
cosity of the bow shock in your 3-D simulations? What
is causing it?
JIM BEALL The viscosity is likely due to turbulence
generated by the jet-ambient medium interaction and
from internal shock structures within the jet and in the
jet interface with the interstellar medium.
GENNADY BISNOVATYI-KOGAN Was a mag-
netic field included in your numerical simulations?
JIM BEALL The VH-1 code we are using is a hy-
drodynamic code with no capability for the inclusion
of magnetic fields. We can estimate the magnetic field
strength by assuming equipartition with the gas pres-
sure, but this is not entirely satisfactory. We want to
explore the PLUTO code, which has an MHD capabil-
ity, in the near future.
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